Discovery of the green fluorescent protein (GFP) [1] and consequently its mutants was the beginning of a new era in protein labelling and provided an alternative to existing markers. The main reason behind GFP's diverse applicability is its unique capacity to form a chromophore without assistance from external enzymes or cofactors, apart from molecular oxygen. Proper folding of GFP precisely positions the key chemical groups required to catalyse the chromophore formation. These characteristics allow for numerous applications in cell biology and biophysics, including tracking protein dynamics in living cells using fluorescence recovery after photobleaching (FRAP), energy transfer or fluorescence correlation spectroscopy [2, 3] . GFP and its mutants are also commonly used in fluorescence microscopy [4] , and flow cytometry [5] .
In wild-type GFP, the chromophore is spontaneously created from the following three residues: serine 65, tyrosine 66 and glycine 67. It is situated in the middle of the b-barrel in the folded GFP structure (Fig. 1 ). Its excitation spectrum shows peaks at both 396 and 475 nm [1, 6] . The local environment has a great influence on the spectral characteristics of the chromophore, as it protects the chromophore fluorescence from quenching by molecular oxygen [7] . In the tertiary structure, amino acids located in the surroundings of the chromophore mediate its fluorescence. Unfolding of the GFP tertiary structure does not affect the chromophore's structure but, it results in the complete loss of the chromophore's fluorescence emission [8] .
Understanding of the chromophore maturation process is crucial for effective engineering of GFP variants with altered spectral and folding properties. But despite Abbreviations DFT, density functional theory; EGFP, enhanced green fluorescent protein; FRAP, fluorescence recovery after photobleaching; GFP, green fluorescent protein; HCD, higher collision energy; MS/MS, tandem mass spectrometry; QM/MM, quantum mechanical/molecular mechanical.
various efforts, the mechanism of chromophore formation is still not clear. Commonly proposed concepts include three main stages: cyclisation, dehydration, and oxidation. Two mechanisms particularly stand out ( Fig. 2 ) [9] : cyclisation-dehydration-oxidation (Mechanism A) and cyclisation-oxidation-dehydration (Mechanism B). In both cases, cyclisation is the first step, in which the amide nitrogen of glycine 67 attacks the carbonyl carbon of serine 65, resulting in the formation of the imidazolidinone-like ring [10] . A prompt occurrence of one of the subsequent reactions is essential for maintaining the cyclised form, respectively, dehydration in Mechanism A and oxidation in Mechanism B. Regardless of the chosen pathway, the fully formed and mature chromophore reduces the protein mass by 20 Da (Fig. 2) [9] . In addition to experimental studies, attempts have been made to computationally model the maturation process for wild-type GFP. Unfortunately, two recent reports based on quantum mechanical/molecular mechanical (QM/MM) with density functional theory (DFT) calculations, point to different pathways for chromophore maturation. The QM/MM approach is appropriate to model large biomolecules, where QM method is used for the chemically active region and MM treatment for the surroundings; therefore, it is suitable for detailed study of chromophore maturation chemistry. Nemukhin and coworkers report for the first time simulations of the entire maturation reaction. Their results provided strong support for a mechanism where oxidation follows dehydration (Mechanism A) [10] . Ma, Sun, and Smith presuming Mechanism B as the most frequently referred, focused only on the oxidation step. Their results promoted oxidation after cyclisation (Mechanism B) [11] .
In 1979, Shimomura proposed the structure of the GFP chromofore for the first time. In his work, Shimomura described papain digestion of Aequorea GFP and identified a peptide that contained the chromophore [12] . This peptide exhibited a characteristic pHdependent absorption above 380 nm. In 1993, Cody et al. [13] re-examined Shimomura's procedure. Under similar digestion conditions, a peptide with absorbance properties as described by Shimomura was found. Using two dimensional NMR and knowledge of the cDNA sequence, Cody et al. [13] characterised this peptide as Phe-Ser-dehydroTyr-Gly-Val-Gln (FSYGVQ) (Fig. 3) .
In 1995, Heim, Cubitt, and Tsien described a new GFP mutant with threonine substituted for serine (S65T) [6] . This mutation reorganises the internal hydrogen bond network, leading to the chromophore with absorption spectrum exhibiting a single peak at 475 nm, and with the increased emission intensity. These spectral properties made the S65T-GFP mutant a more popular choice for applications, rather than the wild-type GFP [1] , as well as a precursor for mutants with greatly increased brightness, such as EGFP, Emerald, and superfolder GFP [14] .
We have generated a non-fluorescent mutant of GFP, S65T/G67A-GFP, to shed more light on the chromophore maturation process. Absence of the fluorescence of the S65T/G67A-GFP mutant originates from the presence of a non-functional chromophore and indicates that the maturation process has been interrupted. We used the same procedure as described by Shimomura, and precise mass spectrometry, to investigate which path the GFP protein with S65T mutation would follow to form the chromophore.
Materials and methods

S65T-GFP AND S65T/G67A-GFP preparation
A pRSET B plasmid encoding S65T-GFP gene with a 6His-tag was a gift from Roger Tsien. This vector was a template for design S65T/G67A-GFP mutant and PCRbased QuikChange Site-directed Mutagenesis Kit (Stratagene, San Diego, CA, USA) was used according to the manufacturer's directions. Mutants were expressed in Escherichia coli (BL21) strains transformed with construct containing, respectively, S65T-GFP and S65T/G67A-GFP genes. Proteins were purified in the unfolded form as described previously [15, 16] .
To investigate the optimal conditions for folding and the formation of the mature chromophore, additional fluorescence experiments were carried out. Various protein concentrations (2, 5, 10 lM) and incubation temperatures (4°, 10°, 25°C) were examined. Excitation wavelength was 280 nm and observation range was 340-550 nm (for tryptophan and chromophore emission). Fluorescence data were collected on a LS-55 Perkin-Elmer spectrofluorometer (Seer Green, Buckinghamshire, UK). The spectral path length of quartz cuvette (Hellma, M€ ullheim, Germany) was 2 mm for excitation and 5 mm for emission. The spectral bandwidth was 2.5 nm for excitation and emission. To obtain the folded form of the proteins, unfolded preparations containing 6 M guanidinium hydrochloride (ROTH, Karlsruhe, Mannheim, Germany) were diluted in a folding buffer containing 50 mM phosphate (Na 2 HPO 4 /NaH 2 PO 4 mixture) pH 8 (ROTH), 300 mM NaCl (ROTH), and 5 mM b-mercaptoethanol (Bio-rad, Hercules, CA, USA) [15, 16] .
Fluorescence intensity was measured every 15 min for the first hour, then after 3, 8 and 24 h and continued until a successive decrease in fluorescence intensity was observed. For S65T-GFP at 25°C for the first 24 h, the intensity of the chromophore fluorescence increased. After that time the fluorescence stabilised, what indicates the chromophore has matured. After further 48 h intensity began to drop, what can be related to protein aggregation. For this reason, the folding conditions for GFP mutants were chosen as follows: 5 lM at 25°C for 24 h and were used as a default procedure for any further experiments.
Spectroscopic measurements
To determine the concentration of the protein, the absorption spectra were measured on a Cary 100 UV-Vis (Agilent Technologies, Mulgrave, Vic., Australia), in a quartz cuvette with 10 mm path length (Fig. 4) . For aromatic amino acids, that have an absorption band with the maximum at 280 nm, the molar extinction coefficient calculated from the amino acids sequence is e = 22 140 M À1 Ácm À1 [16] .
Chromophore absorption has maximum at 489 nm with e = 39 200 M À1 Ácm À1 [17] .
Digestion and cutting out chromophore
For protease digestion of S65T-GFP and S65T/G67A-GFP, we used the procedure described by Shimomura [12] . First, folded and concentrated GFP mutants (c S65T/G67A = 84 lM; c S65T = 56 lM) were denatured by heating at 90°C. As S65T-GFP is more stable than the wild-type GFP, samples were heated for 20 min instead of the 1 min allocated by Shimomura. Then 0.5 mg of papain and 2 mg of Lcysteine (Sigma-Aldrich, Saint Louis, MO, USA) were dissolved in 750 mM NaCl solution pH 6.5 with 1 mM EDTA (ROTH) and 5 mM b-mercaptoethanol (Bio-rad), and added to the protein samples. Digestion process lasted for 3 h at 35°C. Next, the fragments containing chromophore were separated from the longer peptides using a 10 kDa cut off centrifugal filter (Merck Millipore Amicon Ultra-15 Centrifugal Filter, Tullagreen, Carrigtwohill, County Cork, Ireland). To check whether this procedure was sufficient to isolate the chromophore-containing peptide from S65T-GFP, the absorbance spectrum of the eluted peptides was measured (Fig. 5) . As Shimomura described, also in our case the maximum of the chromophore absorption shifted to a lower wavelength after protease digestion [12, 13] . For S65T/G67A-GFP it was impossible to verify spectroscopically the isolation of the chromophore-containing peptide due to the absence of a functional chromophore in this mutant. However, the outcomes of the MS/MS analysis (see 'Results and Discussion') indicate that the treatment used for S65T-GFP works in the same way for the S65T/G67A-GFP mutant.
MS/MS measurements
The peptide mixture obtained by papain digestion was analysed by nano-HPLC (nanoAcquity, Waters, Milford, MA, USA) using C-18 columns (Waters) coupled with an Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, USA). Peptides were eluted during a 2 h gradient from 0-40% (v/v) acetonitrile with 0.1% (v/v) formic acid. The mass spectrometer was operated in the data dependent mode to automatically switch between MS and MS/ MS acquisition. Survey full-scan MS spectra were acquired in the mass range of m/z 300-2000 in the orbitrap mass analyser at a resolution of 60 000. An accumulation target value of 10 6 charges was set and the lock mass option was used for internal calibration. The ten most intense ions were sequentially isolated and fragmented, and the resulting peptide fragment ions were recorded. A higher collision energy (HCD) device was utilised for peptide fragmentation. Peptide sequences were determined by searching across theoretically generated pool of peptides produced by nonspecific digestion of S65T-GFP and its mutated S65T/G67A-GFP variant. Obtained data were processed with MaxQuant software [18] .
Results and Discussion
Mutations within the chromophore may cause various spectral changes of GFP. The S65T mutation reorganises the internal hydrogen bond network and shifts the ionisation equilibrium of the chromophore to its anionic form. This results in the absorption spectrum having a single peak of anion at 475 nm [1, 6] . Furthermore, the S65T mutation increases the intensity of fluorescence emission, probably due to a more compact and rigid protein structure near the chromophore. It is assumed that this mutation accelerates the oxidation step during the chromophore formation [9, 19] . Mutation of glycine 67 to alanine in S65T/G67A-GFP, introduces only one additional methyl group but has a great influence on GFP properties. Specifically, G67A mutation prevents chromophore emission and leads to increased aggregation of the protein, when the mutant is expressed in E. coli. The absence of fluorescence of S65T/G67A-GFP may be explained in three ways: either the chromophore does not form, or its maturation is interrupted, or it fully forms but interactions with the protein necessary for its fluorescence are absent. The two latter options can be discerned as a loss of mass, specifically 18 Da for the dehydration reaction, 2 Da for oxidation and 20 Da for the fully formed chromophore (Fig. 2) . The first option, when no chromophore is formed, would not change the protein mass. MS/MS method used for the analysis of the GFP peptides produced by digestion with enzyme papain, helped with differentiate these options. S65T-GFP was used as a control, as it differs from S65T/ G67A-GFP by only a single methyl group and retains GFP fluorescence. For S65T-GFP, the presence of the chromophore after digestion was confirmed spectroscopically (Fig. 5) .
According to Chalfie [20] , FTYGVQ is the sequence of the hexapeptide that contains the chromophore for S65T-GFP. Its mass after the chromophore maturation and losing 20 Da, is 693.32 Da. Table 1 shows possible peptide ions obtained by higher collision Table 1 . Peptide ion sequences expected to be found in MS/MS spectrum of S65T-GFP hexapeptide FTYGVQ, calculated as per fragmentation rules by the higher collision energy device. Two series, b-ions and y-ions, and their theoretically calculated masses: (a) of the intact peptides -column III for b-ions and column VIII for y-ions, (b) of peptides that lost 20 Da (-H 2 -H 2 O) -column IV for b-ions and column IX for y-ions. Actual mass values recorded for the formed and matured chromophore (process confirmed by the peptide losing 20 Da) -column V for b-ions and column X for y-ions). TYG -peptide that creates chromophore in S65T-GFP. Italic values -masses determined theoretically consistent with detected masses. a Peptides not expected to be detected; bonds encapsulated and protected in the chromophore structure. b Mass too small to be detected with the acquired mass range of m/z (see 'Materials and methods'). energy (HCD) fragmentation of this peptide, and their masses. Figure 6 shows the MS/MS spectrum of the mature chromophore peptide cut out from S65T-GFP. The three peaks (marked in yellow rectangles) with the sequence depicted match the three ions from the two possible leader series, b and y. The first pair is FTYG À20 Da and VQ, the second FTYGV À20 Da and Q (mass of the latter is too small to be detected with the acquired mass range of m/z). As expected, both ion pairs are related to the mature chromophore. We can assume that the methods (i.e. folding of the protein, chromophore formation, and papain proteolysis) Italic values -masses determined theoretically consistent with detected masses. a Peptides not expected to be detected; bonds encapsulated and protected in the chromophore structure. b Mass too small to be detected with the acquired mass range of m/z (see 'Materials and methods'). applied to see that in S65T-GFP the chromophore is formed within the hexapeptide FTYGVQ and results in 20 Da mass loss, worked correctly. For S65T/G67A-GFP, the amino acid sequence of the hexapeptide in question is FTYAVQ, with a theoretical mass of 727.82 Da. If S65T/G67A-GFP does not form a chromophore, every peptide bond in the hexapeptide may be digested. However, if chromophore formation has initialised, maturation may protect this specific sequence from papain cleavage.
The method, for searching S65T/G67A-GFP peptide was more complex, owing to its dependency to what stage the maturation had stopped on. It necessitated checking a wider range of possible peptide fragments, namely options where the chromophore-containing peptide lost À2 Da (-H 2 ), À18 Da (-H 2 O), or À20 Da (-H 2 -H 2 O) ( Table 2 ). Figure 7 presents the S65T/ G67A-GFP hexapeptide spectrum. Peaks marked in yellow rectangles correspond to pairs FTYA À18 Da and VQ, and FTYAV À18 Da and Q (Q alone is too small to be detected with the acquired mass range of m/z). The fact that only the 18 Da mass loss was detected indicates that the chromophore maturation process was interrupted after the dehydration step. The analysis of the MS/MS spectra did not show any ions corresponding to the mature chromophore or to the hexapeptide À2 Da, thus demonstrating the oxidation did not occur.
Conclusions
MS/MS analysis for S65T/G67A-GFP indicates that the mechanism of chromophore maturation in this mutant entails the cyclisation-dehydration sequence. The protein was folded under aerobic conditions and after the time needed to create a chromophore, it was digested by papain that cut out the chromophore in a well characterised peptide. The recorded fragments of the peptide corresponded only to the fragments with a mass loss caused by the dehydration. Thus, our results provide strong support for the chromophore formation mechanism in the GFP family with the S65T mutation following the sequence cyclisation, dehydration and finally oxidation.
